Evidence from the Seychelles Child Development Nutrition Study suggests that maternal nutritional status can modulate the relationship between prenatal methylmercury (MeHg) exposure and developmental outcomes in children. The aim of this study was to investigate whether maternal PUFA status was a confounding factor in any possible associations between prenatal MeHg exposure and developmental outcomes at 5 y of age in the Republic of Seychelles. Maternal status of (n-3) and (n-6) PUFA were measured in serum collected at 28 wk gestation and delivery. Prenatal MeHg exposure was determined in maternal hair collected at delivery. At 5 y of age, the children completed a comprehensive range of sensitive developmental assessments. Complete data from 225 mothers and their children were available for analysis.
Introduction
The potential of nutrients to modify metal toxicity is an area of growing scientific interest. Fish is the primary dietary source of long-chain PUFA, which are critical for normal brain development, and is also the main mode of human exposure to methylmercury (MeHg) 7 , a neurotoxicant at high exposures (1) . The amount of MeHg found within ocean fish varies widely by species and whether there are adverse neurodevelopmental effects at lower exposure levels is unclear. Research on fish consumption during pregnancy indicates that allowing for PUFA present in fish in statistical analysis may influence whether or not neurocognitive associations with MeHg are found (2, 3) . Other studies have found direct beneficial associations between fish 1 Supported by grants 5-RO1-ES010219, 5-R01-ES-015578, P30-ES01247, and T32-ES007271 from the U.S. National Institute of Environmental Health Sciences, NIH, and by the Government of the Republic of Seychelles. Participation of investigators from the Republic of Seychelles and the University of Ulster was partially supported by the EU through its Sixth Framework Programme for RTD (contract no. FOOD-CT-2006-016253). This manuscript reflects only the authorsÕ views. The Community is not liable for any use that may be made of the information contained therein. Sponsors provided financial support and facilities for the conduct of the research. No sponsor had any role in design of the study, analysis and interpretation of results, or in preparation of this report. 2 Author disclosures: J. J. Strain consumption and child development (4, 5) . The safety of fish consumption is an important issue when as many as 3 billion people worldwide depend on fish as a daily dietary source of protein (6) . The US FDA and the US Environmental Protection Agency jointly issued a fish consumption advisory cautioning women of child-bearing age to limit fish consumption because of possible MeHg toxicity (7) . However, the advisory did not address the benefits of fish consumption or consider the importance of PUFA also present in fish. Subsequent to its issuance, the already-limited fish consumption among American women of childbearing age dropped further (8, 9) . Fish is the primary dietary source of the (n-3) PUFA DHA, which is essential during neurodevelopment; therefore, limiting fish consumption during pregnancy could adversely affect child development. Consequently, a recent joint report from the FAO/WHO recommended that the neurodevelopmental benefits of consuming fish be explicated (10) .
The Seychelles Child Development Nutrition Study (SCDNS) is addressing this issue in a longitudinal, prospective cohort study examining the development of offspring of mothers who consumed a diet high in fish (mean 6 SD of 527 6 327 g/wk) during pregnancy. The first reports from this cohort (2, 3) indicated that maternal (n-3) PUFA status, including DHA, was associated with an improved psychomotor development index as measured by the Bayley Scales of Infant Development II at 9 mo of age. At 30 mo of age on the same outcome, the authors found an adverse association with maternal MeHg, but only when it had been adjusted for maternal serum (n-3) PUFA concentrations. The authors also reported that as (n-6) PUFA, including arachidonic acid [AA; 20:4(n-6)] increased, there was decreasing performance on the 30-mo Bayley Scales of Infant Development II psychomotor development index.
These results are consistent with the growing literature on the benefits of consuming a diet high in fish (4, 5, (11) (12) (13) (14) (15) (16) (17) (18) . The longitudinal design of the present study allows examination of the children at older ages to determine if associations present early in life persist. The authors previously showed that scores at 66 mo of age on the Preschool Language Scale (PLS) slightly improved with increasing maternal MeHg exposure in a different cohort in the Seychelles Child Development Study (SCDS) and in which maternal PUFA status was not measured (19) . The aim of the current study of SCDNS children at 5 y of age was to confirm earlier findings and to determine if confounding by maternal PUFA status could potentially explain the positive associations between certain developmental outcomes and prenatal MeHg exposure previously found in an earlier mother-child cohort in the Seychelles.
Participants and Methods
Setting. The study was conducted in the Republic of Seychelles, an Indian Ocean archipelago with ;85,000 inhabitants largely of African descent. Health care, education, and social services are free, readily available, and modeled on the British system. The local diet is high in fish (3); MeHg concentrations in local fish are similar to those of fish commercially available around the world (20) , and sea mammals are not consumed. The population is not exposed to significant levels of other environmental pollutants, such as polychlorinated biphenyls, pesticides, or lead (21) . The study was reviewed and approved by the Seychelles Ethics Board and the Research Subjects Review Board at the University of Rochester.
Participants. In 2001, all women making a first visit to their local Antenatal Clinic were invited to participate if they were Seychellois and at least 16 y of age. Enrollment was completed when 300 volunteers had given informed consent. Maternal age ranged from 16 to 43 y and gestational age ranged from 14 to 24 wk. At 5 y of age, there were 275 eligible children of whom 256 completed the 5-y evaluation. However, only 225 children had complete covariate data (114 males and 111 females) and were available for the primary analysis.
Design and procedure. The study was double-blinded; neither the observers nor the participants knew the MeHg exposure measures. The test battery included the following specific developmental tests; fingertapping (FT) for the dominant and nondominant hand to measure dexterity and speed; the Preschool Language Scale-Revised Edition, yielding a total language score (PLS-TL) and scores for verbal ability (PLS-VA) and auditory comprehension (PLS-AC); the WoodcockJohnson Scholastic Achievement Test, second edition, measuring letterword recognition and applied problems; and the Child Behavior Checklist. The authors used the Kaufman Brief Intelligence Test to estimate both maternal and child IQ, comprising the subtests verbal knowledge (KBIT-VK) and matrices (KBIT-M), which were treated as separate outcomes for each child. One subtest of riddles was omitted, because riddles are an uncommon means of communication in the Seychelles. Only the KBIT-M subtest was used to estimate maternal IQ, because mothers in the Seychelles are less familiar than their offspring with reading the English language.
A team of experienced maternal and child health nurses were specifically trained in Rochester to administer all the tests. All tests were translated to Creole, the native language spoken in the Republic of Seychelles.
Exposure measures. The authors measured (n-3) and (n-6) PUFA as total lipids (including phospholipids) in maternal serum samples taken at 28 wk gestation and delivery as described earlier (3). The primary PUFA focus was on DHA and AA, the most important PUFA for normal brain growth and development (22) . EPA was measured[20:5(n-3)] in addition to DHA to represent the major (n-3) PUFA found in fish. a-Linolenic acid [18:3(n-3)] was measured to calculate total (n-3) PUFA. Linoleic acid was measured [18:2(n-6)] in addition to AA to give a measure of total (n-6) PUFA, which may have antagonistic associations with developmental outcomes. The geometric mean of the PUFA values measured at 28 wk of gestation and delivery was used because the transfer of PUFA from the mother to the fetus occurs mainly during the third trimester (23) . The geometric mean averages the logarithm of the 2 pertinent values, before exponentiating to put the final value on the original scale.
Missing PUFA values (8% at 28 wk and 20% at delivery) were imputed as previously described (2) . Briefly, a missing PUFA value at one time period was imputed as the predicted value based on the observed value at the other time period and an assumed bivariate lognormal distribution at the 2 time periods.
The authors used mean maternal hair mercury (Hg) during pregnancy as the biomarker for prenatal MeHg exposure. Hair samples were cut at delivery and the longest available segment of maternal hair growing during gestation was analyzed, assuming a hair growth rate of 1.1 cm/mo. Total and inorganic Hg was measured by cold vapor atomic absorption as previously described (24) .
Statistical analysis. Covariate-adjusted linear regression models were run to test the associations between each of the 10 outcomes and different combinations of PUFA (see below). Twelve models (6 ways of coding PUFA, each with and without adjustment for prenatal MeHg) were fitted for each outcome. Analysis was also conducted to investigate associations between prenatal MeHg exposure and developmental outcomes without adjusting for maternal PUFA status. Model assumptions, including linearity, constant variance, and normally distributed residuals, were checked using standard methods (25) . If model assumptions were violated, the relevant outcome variable was transformed to better satisfy these model assumptions. Models were also examined for outliers, based on studentized residuals, and influential points, based on CookÕs distances (25) . No model had unduly influential observations (all CookÕs distances were < 0.5). Unless otherwise noted, model results include all observations. If an overall model F-test was not significant at the 0.05 level, further results for the model were not reported. Within each significant model, the authors used a 2-sided a level of P # 0.05 to determine the significance of independent variable effects.
The authors tested for associations between outcomes and the following combinations of PUFA: model 1: DHA, AA; model 2: the sum of DHA+EPA, AA; model 3: DHA, the sum of AA+linoleic acid [(n-6) PUFA]; model 4: the sum of DHA+EPA+a-linolenic acid [(n-3) PUFA], (n-6) PUFA; model 5: AA:DHA ratio; and model 6: (n-6):(n-3) PUFA ratio. These models were the result of a priori decisions based on our primary hypothesis that maternal PUFA status might confound the possible association between MeHg and developmental outcomes. Model 1 was chosen based on DHA and AA being the most important PUFA in neurodevelopment. Model 2 included AA and also focused on the major (n-3) PUFA found in fish. Models 3 and 4 were designed to test possible antagonistic effects of (n-6) PUFA on the (n-3) PUFA, and models 5 and 6 investigated the possible antagonistic effects of (n-6) PUFA on (n-3) PUFA as a ratio.
All models were run twice, first including prenatal MeHg exposure and again without correcting for MeHg. All models were adjusted for covariates selected a priori for their reported associations with neurodevelopmental outcomes, including birth weight, child age at testing, socioeconomic status [the Hollingshead Four-Factor Socioeconomic Status modified for use in the Seychelles (19) ], home environment (the Pediatric Review of ChildrenÕs Environmental Support and Stimulation), maternal IQ (the KBIT-M subtest), sex of the child, family status (the number of immediate family members living with the child, recorded as either < 2 or $ 2), and maternal age.
Results
A total of 225 mother-child pairs had complete data for model covariates and outcomes. Table 1 shows the mean, SD, and range for each predictor variable (prenatal MeHg exposure and maternal serum PUFA status) and developmental outcome score. The mean prenatal MeHg exposure was 28.5 nmol/g maternal hair, ;5 nmol/g lower than that found in the SCDS Main Cohort, enrolled in 1989-1990 (19) , but 12 times higher than the U.S. mean of 2.3 nmol/g (26) .
All models were significant for all outcomes except some FT models. For the FT dominant hand, models 1 and 2, which included prenatal MeHg, were not significant. For the FT nondominant hand, no models were significant. Analysis conducted between prenatal MeHg and the 10 outcomes revealed one significant positive association (with PLS-TL; b = 0.04; P = 0.04). However, prenatal MeHg was not significantly associated with any outcome in any model. In contrast, maternal PUFA status was significantly associated with 4 developmental outcomes: PLS-TL, PLS-AC, PLS-VA, and the KBIT-VK scores ( Table 2) . The results for these 4 outcomes in models that adjusted for prenatal MeHg are shown in Table 2 . The PLS-TL score increased with increasing DHA with and without adjusting for prenatal MeHg and covariates (model 1). The PLS-TL score increased with increasing DHA plus EPA (model 2), but this relationship was significant only without adjustment for prenatal MeHg. There was a significant inverse association between AA and the PLS-TL score in models 1 and 2, both with and without adjustment for prenatal MeHg. AA also had a significant inverse association with the PLS-AC score (models 1 and 2), and the PLS-VA score (model 1). For the PLS-AC and PLS-TL scores, there was an inverse association with the AA:DHA ratio (model 5), but it was present only without adjustment for MeHg exposure.
For the KBIT-VK subtest, scores were estimated to increase with increasing (n-6) PUFA concentrations in models 3 and 4 ( Table 2 ). These associations were significant with and without adjustment for MeHg. The association of maternal PUFA status and prenatal MeHg with the PLS-TL score present in model 1 is shown graphically in Figure 1 . There was a positive association with DHA (Fig. 1A) , an inverse association with AA (Fig. 1B) , and no association with prenatal MeHg (Fig. 1C) .
The coefficients, SE, and P values with respect to the covariates from model 1 with prenatal MeHg are shown in Table 3 . The coefficients for covariates from the other models were very similar to these results and are therefore not depicted. Older children performed significantly better than younger children even though the tests were normed, and girls had higher scores than boys on some but not all tests. The scores on the Woodcock-Johnson Scholastic Achievement Test-applied problems and the Child Behavior Checklist were significantly influenced by maternal IQ.
Discussion
The authors found significant positive associations between maternal (n-3) PUFA status and test scores on several measures of child neurodevelopment. Maternal status of DHA was a significant positive predictor of the PLS-TL and PLS-VA outcomes. As maternal DHA concentrations rose, test scores on the PLS increased. These associations agree with experimental data that indicate an important role for DHA in brain development and function (14) . Fish is the primary dietary source of EPA and DHA, and DHA is particularly important for brain development. Some, but not all, studies have shown positive effects of maternal DHA or fish oil supplementation on mental and motor development measured in their offspring during early childhood (27) (28) (29) . Findings from these supplementation studies are supported by observational studies showing the benefits of maternal fish intake on neurodevelopmental outcomes in childhood (4, 30) . Moreover, our longitudinal data also suggest that the positive associations of maternal (n-3) Fatty acids, methylmercury, and child development 1945
PUFA status with outcomes found in this cohort at age 9 (3) and 30 mo of age persist to 5 y of age (31) . The authors found no associations between prenatal MeHg exposure from frequent fish consumption and 10 developmental outcomes in models adjusting for maternal PUFA status. The absence of associations with prenatal MeHg exposure when analyses are corrected for maternal nutritional status provides important insights into our previously reported findings from the SCDS main cohort at 5 y of age (19) . In the earlier study, maternal nutritional status was not measured, but it was found that the PLS-TL score was among several outcomes that had higher scores with increasing prenatal MeHg exposure in the range being studied. The authors postulated that those associations might be explained by important nutrients derived from maternal fish consumption and which could be driving the positive association found between MeHg (a proxy measure of fish consumption) and developmental outcomes. This positive association between prenatal MeHg and the PLS-TL score was observed, in the absence of adjustment for PUFA status, in the analysis of this cohort of 5-y-old children and confirmed the previous suggestion that maternal PUFA status was driving this association. Aside from language functions, other developmental domains were measured, including cognitive ability, motor speed, and problem behaviors, in this study. In past studies in which maternal PUFA status was not measured, only language functions were positively related to MeHg exposure (19) . The lack of associations between domains other than language functions and either MeHg exposure or PUFA status in the current study is consistent with these earlier findings. It is possible that associations with domains other than language function will emerge with further examinations at older ages.
The negative associations between developmental outcomes and (n-6) PUFA, first found in this cohort at 9 mo of age (3) , are still present with respect to the (n-6) PUFA, AA, and language ability at 5 y of age. Total (n-6) PUFA, however, was a significant positive predictor of child KBIT-VK. The (n-3) and (n-6) PUFA are precursors for a number of eicosanoids and other metabolites that have various and opposing physiological functions in humans (32) . For example, eicosanoids derived from DHA and EPA have antiinflammatory properties. Consequently, these PUFA, for which fish is the best dietary source, could play a critical role in protecting against early oxidative or inflammatory insults such as those that may be induced by MeHg toxicity (33) . In contrast, eicosanoids derived from the (n-6) PUFA AA have proinflammatory effects. Although AA may be important for general brain growth, it would not protect against oxidative or inflammatory insults (31) . It is also possible that the contrasting effects of the (n-3) and (n-6) PUFA on mitigating inflammatory processes may be important only at higher levels of MeHg exposure with correspondingly higher inflammatory insults. The mechanisms underlying the interrelationships between MeHg and PUFA from fish consumption and the overall diet appear to be complex and need further clarification. In these analyses, associations between maternal PUFA status and some developmental outcomes weakened after adjusting for prenatal MeHg exposure. These findings differ from our earlier results where correcting for prenatal MeHg strengthened the associations between PUFA and cognitive outcomes (3) . This finding suggests that with increasing age, maternal PUFA status may become more important for developmental outcomes than prenatal MeHg exposure.
Postnatal exposure was not included in these analyses, because the primary concern for MeHg exposure from fish consumption has been prenatal exposure. In addition, the SCDNS was originally designed to investigate prospectively the association of MeHg exposure and nutrients from fish consumption during pregnancy with child developmental outcomes. The paradigm followed in both nutrition and toxicology is that prenatal exposures, if important for longer term development, should be able to be demonstrated through associations that are robust even in the face of differing postnatal exposures.
The authors examined the (n-3) PUFA as a group, because these fatty acids are known to have antiinflammatory effects that in turn might protect against inflammatory insults of MeHg on brain tissue. Although the total (n-3) PUFA in maternal serum was almost entirely comprised of DHA (Table 1) , the authorsÕ a priori analysis plan included EPA as the goal was to investigate (n-3) PUFA from fish intake (2). The authors do not have a good explanation for why the maternal serum (n-6):(n-3) PUFA ratio was so high. There are a large number of factors, including diet, metabolism, and possibly genetics, that affect the biological status of PUFA and it is difficult to compare these values among studies (34) (35) (36) . Fatty acid metabolism is known to be altered in pregnant women (37) . It is therefore possible that greater amounts of DHA are being selectively transferred to the fetus via the placenta and such a mechanism could account for lower (n-3) PUFA and higher (n-6) PUFA found in the maternal circulation in this cohort. Another possibility is that, even though every effort was made to prevent any deterioration of the serum samples prior to processing, there may have been selective oxidation of the more susceptible PUFA among a random subset of the serum samples. If true, this possibility would result in nondifferential measurement error of these PUFA and in the current study the observed associations would be closer to the null hypothesis than the true associations.
This study has a number of strengths. Mothers consumed large quantities of fish and had hair MeHg levels ;12 times higher than in U.S. women. The participants were enrolled early in pregnancy and PUFA status was measured both during pregnancy and at delivery. The childrenÕs test battery incorporated 10 sensitive and specific developmental outcomes as measures of preschool cognitive function. These tests were similar to those recommended by Cheatham et al. (38) for the study of (n-3) PUFA and cognitive development. The study also has some limitations. It was not designed to evaluate interactions between PUFA and MeHg. Therefore, the authors were not able to determine whether the positive associations between maternal PUFA status and developmental outcomes reflect a direct influence of nutritional status on development or a modification of possible MeHg neurotoxicity. Current efforts are ongoing to examine interactions between MeHg and nutrients in a newly recruited SCDNS cohort with a sample size sufficiently large to evaluate such interactions. Inherent to the overall aim and design of the SCDNS, multiple measures of exposures and cognitive outcomes and multiple comparisons that may be of concern were included. The authors chose not to correct for multiple testing for 3 reasons. First, the statistical models are not independent but instead address the same underlying hypothesis. Second, the interpretation of the results is strongly guided by prior data reported in a different SCDS cohort at 66 mo of age. And third, simple correction of multiple testing (e.g., Bonferroni adjustment) is overly conservative and suffers from numerous limitations (39, 40) .
This study adds to previous findings from the SCDS that fish consumption has benefits for child neurodevelopment and highlights the importance of adjusting for maternal nutritional KBIT-VK, Kaufman Brief Intelligence Test -verbal knowledge; PLS-AC, Preschool Language Scale-auditory comprehension; PLS-TL, Preschool Language Scale-total language score; PLS-VA, Preschool Language Scale-verbal ability; SES, Hollingshead Four-Factor Socioeconomic Status. 2 Assessed by the KBIT-M subtest. 3 Assessed by the Pediatric Review of ChildrenÕs Environmental Support and Stimulation.
Fatty acids, methylmercury, and child development 1947 status in studies investigating associations between MeHg exposure and outcomes. The findings do not support the hypothesis that there is a risk from prenatal MeHg exposure and it has been conducted in a population with prenatal MeHg exposure > 12 times that of the US and consuming > 10 times more fish than in the US. These findings are highly pertinent in light of the recent report from the FAO/WHO that highlighted the benefits of fish consumption during pregnancy (10) .
